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A B S T R A C T
There has been a substantial research focus on the presence of pesticides in ﬂowers and the subsequent exposure
to honeybees. Here we demonstrate for the ﬁrst time that honeybees can also be exposed to pharmaceuticals,
commonly present in wastewater. Residues of carbamazepine (an anti-epileptic drug) up to 371 ng/mL and
30 µg/g were detected in nectar and pollen sampled from zucchini ﬂowers (Cucurbita pepo) grown in carba-
mazepine spiked soil (0.5–20 µg/g). Under realistic exposure conditions from the use of recycled wastewater,
carbamazepine concentrations were estimated to be 0.37 ng/L and 30 ng/kg in nectar and pollen, respectively.
Incorporation of environmentally relevant carbamazepine residues in nectar and pollen into a modelling fra-
mework able to simulate beehive dynamics including the honeybee foraging activity at the landscape scale
(BEEHAVE and BEESCOUT) enabled the simulation of carbamazepine translocation from zucchini ﬁelds into
honeybee hives. Carbamazepine accumulation was modelled in 11 beehives across a 25 km2 landscape over
three years chosen to represent distinct climatic conditions. During a single ﬂowering period, carbamazepine
concentrations were simulated to range between 0 and 2478 ng per beehive. The amount of carbamazepine
gathered not only varied across the simulated years but there were also diﬀerences in accumulation of carba-
mazepine between beehives within the same year. This work illustrates a fundamental ﬁrst step in assessing the
risk of pharmaceuticals to bees through realistic scenarios by demonstrating a method to quantify potential
exposure of honeybees at the landscape scale. Pharmaceuticals are being inadvertently but increasingly applied
to agricultural lands globally via the use of wastewater for agricultural irrigation in response to water scarcity
problems. We have demonstrated a route of pharmaceutical exposure to honeybees via contaminated nectar and
pollen. Given the biological potency of pharmaceuticals, accumulation of these chemicals in nectar and pollen
suggest potential implications for honeybee health, with unknown ecosystem consequences.
1. Introduction
In recent years, there has been a substantial focus on the impact of
exposure to chemicals on global honeybee populations (Klein et al.,
2017; Potts et al., 2010). If direct exposure to such chemicals does not
cause mortality or disorientate foraging honeybees immediately, these
chemicals can be transferred back to the hive in contaminated nectar
and pollen therefore presenting a risk to the honeybee colony. To date,
plant protection products have been identiﬁed in honeybees, beebread
and colony wax (Hrynko et al., 2019; Ostiguy et al., 2019; Traynor
et al., 2016). The presence of insecticides, such as neonicotinoids in
nectar and pollen and the subsequent exposure to honeybees potentially
leads to adverse eﬀects, even with low levels of contact (Blacquière
et al., 2012; Goulson, 2013). The impact of plant protection products on
pollinators however remains an active research area due to the
complexity of food web interactions involved in pesticide exposure.
Research has also demonstrated the presence of a number of other plant
protection products (e.g. organochlorine pesticides), as well as persis-
tent organic pollutants (e.g. polychlorinated biphenyls (PCBs), poly-
brominated diphenylethers (PBDE)) in nectar and pollen (Roszko et al.,
2016), although their eﬀect on foraging insects is still being de-
termined. Other organic contaminants, such as pharmaceuticals, have
been shown to accumulate in edible plant organs with the potential
impacts on human health being the focus of these studies (Carter et al.,
2014; Malchi et al., 2014). However, the accumulation of pharmaceu-
ticals in pollen and nectar, and subsequent exposure to foraging insects
such as honeybees, has until now been over-looked. Nevertheless, a
similar chemical proﬁle and known ability to cross the root membrane
and translocate within a plant via the xylem sap to distal tissues
(Goldstein et al., 2014) would suggest that, like pesticides,
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pharmaceuticals also have the potential to accumulate in nectar and
pollen.
Application of wastewater treatment by-products (e.g. treated
wastewater and digested sludge) and animal manures are routes by
which pharmaceuticals of human and veterinary origin can enter soils
and accumulate (Dalkmann et al., 2012; Kinney et al., 2006). The input
of pharmaceuticals in soils is expected to increase in the near future,
with a drive to increase reuse of wastewater treatment by-products
coupled with a need to reduce our dependence on freshwater irrigation
and chemical based fertilisers. It is also expected that exposure to
pharmaceuticals may be higher in developing countries where waste
and chemical management capacity is not fully developed, yet agri-
cultural systems routinely use raw or partially treated sewage as a
source of irrigation. In the Food and Agricultural Organisation of the
United Nations report “Water for Sustainable Food and Agriculture”
recommendation 2 speciﬁes that G20 members must invest in the
treatment of urban wastewater and its reuse in agriculture in order to
meet the projected 50% increase in food production by 2050. This re-
commendation directly supports the UN Sustainable Development Goal
(SDG) 6 and SDG 13, whilst contributing to SDG 2 and SDG 15.
The persistence of pharmaceuticals in the environment is variable
and dependent on a number of factors such as soil and pharmaceutical
physico-chemical properties (Drillia et al., 2005). Nevertheless, re-
search has shown that some pharmaceuticals are bio-available in soils,
and can be taken up by non-target organisms, such as plants, and ac-
cumulate in terrestrial food webs (Shore et al., 2014). Consequently,
wildlife across diverse ecosystems may be exposed to pharmaceuticals
either directly or indirectly via food web transfer. However, the extent
of exposure through this pathway remains unknown for most taxa and
ecosystems (Arnold et al., 2014).
Accumulation of pharmaceuticals by non-target organisms poses a
risk to species health because these chemicals are designed to interact
with speciﬁc molecular targets in humans and domestic animals and
these targets generally have orthologs that are conserved in other
species, including hexapods (LaLone et al., 2016; Verbruggen et al.,
2018). If pharmaceuticals are able to cross root membranes and accu-
mulate in the nectar and pollen of ﬂowering plants, visiting honeybees
can be exposed to these residues via oral exposure, through ingestion of
pollen into their corbiculae and extraction of nectar from ﬂowers
(Krupke et al., 2012). Through food web transfer, exposure to phar-
maceuticals by non-target organisms has already been shown to alter
behavioural and physiological responses in vertebrate wildlife (Bean
et al., 2014), as well as causing a serious decline of the white back Gyps
vulture species (Oaks et al., 2004). Honeybee populations are clearly
under threat from a combination of physical, biological and chemical
stressors in the environment, with habitat change and infectious dis-
eases identiﬁed as key driving factors for population decline (Potts
et al., 2010). However, the risk contributed by pharmaceuticals is lar-
gely unknown. There is therefore an urgent need to establish the po-
tential for these biologically active chemicals to accumulate in nectar
and pollen to understand the subsequent exposure to foraging honey-
bees and the colony.
The aim of this study was to demonstrate the potential for exposure
of honeybees within hives to pharmaceutical residues via the accumu-
lation of carbamazepine, an anti-epileptic pharmaceutical, in nectar
and pollen sampled from zucchini (Cucurbita pepo) ﬂowers. The plant
uptake of carbamazepine has been previously well characterised due to
its recalcitrance to wastewater treatment, its stability under environ-
mental conditions and its physicochemical properties that are con-
ducive to plant uptake (Li et al., 2013, 2018). Incorporation of en-
vironmentally relevant carbamazepine residues in nectar and pollen
into a modelling framework able to simulate beehive dynamics in-
cluding the honeybee foraging activity at the landscape scale (BEE-
HAVE and BEESCOUT (Becher et al., 2016, 2014)) enabled the simu-
lation of carbamazepine translocation from zucchini ﬁelds into
honeybee hives. A similar modelling approach has been recently
adopted by Schmolke et al., (2019) whereby BEEHAVE was extended to
represent colony exposure to the insecticide clothianidin via residues in
pollen. A simulated southern Australian agricultural landscape (with a
representative size and distribution of single ﬁelds) consisting of three
habitat types (plants of high melliferous potentials) was used as a model
to represent drier mid-latitude regions. In these regions, recycled water
irrigation schemes are increasingly necessary for sustainable expansion
of horticultural production where rain fed crop production is expected
to become increasingly marginal (Turrant et al., 2011). This informa-
tion provides a fundamental ﬁrst step in assessing the risks of chemicals
such as pharmaceuticals to bees through realistic scenarios to quantify
potential exposure concentrations at the landscape scale.
2. Materials and methods
2.1. Pharmaceutical accumulation in nectar and pollen
Pollen and nectar were collected from zucchini ﬂowers in an ex-
periment described elsewhere where pharmaceutical residues were
previously determined in zucchini leaf and fruit (Knight et al., 2018). In
brief, zucchini (C. pepo var. Midnight F1 Container Garden) were grown
from seed in a sandy soil (96.5% sand) spiked with carbamazepine
(> 98% purity, CAS number 298-46-4; Sigma-Aldrich, Australia) in
triplicate at a range of treatment concentrations (0.5, 1, 2, 5, 10, 20 µg/
g). The soil had been collected from a non-irrigated cropping site in
South Australia and, once air-dry, sieved< 2mm to ensure homo-
geneity prior to use. The plants were grown for 14 weeks under con-
trolled conditions. Upon ﬂowering, pollen grains were brushed oﬀ the
stamens directly into an Eppendorf tube. A 0.5–10 µL pipette was in-
serted into the ovaries to extract nectar from the carpels. Nectar and
pollen collected from all replicates under the same treatment were
stored as a single combined sample in an Eppendorf tube due to small
sample volumes. Samples were stored at −80 °C until extraction and
analysis of carbamazepine.
Carbamazepine was extracted from the harvested pollen in dupli-
cate samples (25 ± 2mg) per treatment following validated methods
(83 ± 11% absolute recovery). Prior to extraction, pollen was spiked
(0.1 µg/sample) with deuterated internal standard (carbamazepine-
d10, 99.4% purity, TLC pharmachem, Canada) to account for recoveries
and matrix interference. Samples were extracted by shaking the pollen
with 2mL of methanol for 30min on a rotary shaker. Samples were
centrifuged (30min at 656g) and the supernatant removed. For each
treatment, 10 µL of nectar was directly spiked into a HPLC vial con-
taining a mixture of methanol, water and the internal standard (0.1 µg/
sample). Quantiﬁcation of carbamazepine in nectar and pollen samples
was performed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) using methods described elsewhere (Carter et al., 2014).
Calculated limits of detection (LOD) and quantitation (LOQ) for car-
bamazepine residues in pollen were 3.1 and 10.4 µg/kg respectively.
Calculated LOD and LOQ were 1.5 and 4.9 µg/L respectively for car-
bamazepine in nectar. In addition, LC-MS/MS was previously used to
determine spiked soil and plant concentrations of carbamazepine (see
Knight et al., 2018).
A linear relationship between measured soil concentration and
measured concentration of carbamazepine in nectar and pollen (Figs.
S1 and S2) enabled extrapolation between exposure concentrations
used in the experiment and environmentally realistic carbamazepine
exposure concentrations. A predicted soil concentration of carbamaze-
pine was calculated based on measured carbamazepine concentrations
in treated wastewater (44–3205 ng/L) in combination with known
parameters for current recycled water irrigation schemes in southern
Australia. Assumptions included that 9000 ha of agricultural land were
irrigated with 37 GL/year, and that carbamazepine exhibits signiﬁcant
accumulation year on year due to its persistence in the environment
(Williams and McLain, 2012) (see S1 for full calculation).
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2.2. Pharmaceutical accumulation in beehives
The development of honeybee colonies and their foraging for nectar
and pollen at the landscape scale was subsequently simulated using
BEEHAVE (Becher et al., 2014) and its sub-modules BEEHAVE-Weather
(Becher et al., 2014) BEESCOUT (Becher et al., 2016) to predict the
transfer of carbamazepine from soil, via nectar and pollen, into bee-
hives. Models were selected based on recommendations by the EFSA
Panel on Plant Protection Products and their Residues (PPR) who
concluded that BEEHAVE includes all important processes to simulate
honeybee colony dynamics (EFSA, 2015). A recent model validation
exercise on control colonies from honeybee ﬁeld studies conducted in
Germany underpins this conclusion with empirical data (Agatz et al.,
2019).
Population numbers of total adult bees are provided in Fig. S4.
BEEHAVE (Becher et al., 2014) was developed to explore how
various stressors (varroa mites, virus infections, impaired foraging be-
haviour, changes in landscape structure and dynamics, and pesticides)
inﬂuence the dynamics of single colonies of honeybees. The model
comprises of a colony module, a mite module, and a foraging module;
overall simulating colony dynamics in a heterogeneous landscape for a
deﬁned period. The colony module describes in‐hive processes like
organism development, egg‐laying and brood care, ultimately produ-
cing information on colony structure (number of eggs, larvae, pupae,
and in‐hive bees). Beekeeper activity, like varroa treatment, honey
extraction, brood removal, and colony feeding, are implemented in the
colony module. The mite module simulates the dynamics of a varroa
mite population in the colony and interacts with the colony module via
impacts on pupa and adult survival. The foraging module simulates
foraging of adult bees on food sources deﬁned as ﬂower patches within
speciﬁed distances to the hive. The foraging process during a day de-
pends on the quality of food sources in the landscape, the weather,
colony internal processes, and the current status of colony energy stores
(i.e. pollen and nectar). Multiple foraging trips can be made by foragers
within a single day if required, and if weather conditions allow. BEE-
HAVE-Weather creates weather ﬁles from air temperature and sunshine
hour data to provide information for BEEHAVE on when, and the
duration of suitable whether for potential foraging activity. BEESCOUT
(Becher et al., 2016) creates BEEHAVE readable input ﬁles for complex
landscapes that can be used as hive surroundings within the foraging
module of BEEHAVE. Within BEESCOUT (Becher et al., 2016) scouting
behaviour according to diﬀerent theoretical scouting strategies or
combinations of these can be used to characterize landscapes in terms
of food availability (i.e., nectar and pollen availability across a land-
scape) and the probability of these food sources to be detected by
scouting bees in proximity of a bee colony. The model allows use of
landscape pictures (e.g. satellite images) or manually constructed
landscapes to subsequently deﬁne the landscape and characterize the
habitat‐speciﬁc detection probability. Currently, the number of habitat
types that can be parameterized is limited to four but the number of
landscape attributes per habitat type is not limited. Food availability in
BEESCOUT is deﬁned by the start and end dates of food provision in a
habitat type, the average nectar and pollen availability, the sugar
content of nectar, and the average handling time of a forager bee to
successfully collect full loads of nectar or pollen. BEHAVE and the sub-
models were implemented in the freely available software platform
NetLogo (Wilensky, 1999).
As an example application, the BEEHAVE model was parameterised
for southern Australian conditions using an agricultural landscape re-
presentative of intensive horticultural production with reclaimed was-
tewater. Here, compound accumulation was assessed in relation to the
amount of zucchini within the foraging range, the distance between the
hive and the zucchini ﬁelds, and the weather conditions during zucchini
ﬂowering. A 2-D landscape was constructed representing a 25 km2
agriculture rich region consisting of three habitat types as attractive
foraging grounds for bees (zucchini ﬁelds (contaminated with
carbamazepine), oil seed rape ﬁelds and trees) (Fig. 1). Accumulation of
carbamazepine into 11 hives distributed across the landscape with
varying distances to the foraging grounds (relative availability of zuc-
chini for foraging bees varying between 0 and 100% when accounting
for the maximum foraging range simulated by BEESCOUT using the
search mode “colony” and a foraging distance of 2.5 km) was simulated.
Simulations were conducted allowing for beekeeper intervention. The
foraging strategy “colony” was used because this mode is described as a
strategy bees would follow if placed in an unknown landscape (Becher
et al., 2016). The varroa mite module in BEEHAVE was inactivated
because varroa is not currently a threat to bees in Australia.
Simulations were conducted for 365 days across three diﬀerent
years with contrasting weather conditions (representing low, medium
and high potential foraging activity) (Tables S4 and S5). Daily max-
imum air temperature and sunshine hours (2009–2018) to simulate the
weather conditions was obtained from the Australian Bureau of
Meteorology (Australian Bureau of Meteorology, 2019) to represent a
typical “dry-summer subtropical” climate zone of southern Australia.
The Köppen Climate Classiﬁcation subtype for this climate is “Csb”
(Mediterranean Climate). Missing data in the sunshine hours (max-
imum 3 consecutive days) were calculated by ﬁtting a polynomial 4
parameter function through the individual data from 2009 to 2018 (see
Fig. S5). The weather ﬁles created from these data for BEEHAVE in-
cluded a temporal shift of 182 days to account for the fact that BEE-
HAVE was parameterised for European agricultural seasons whilst the
growing season in Australia runs from September to March. Hence all
data is presented over the period of two years (i.e. 2010–2011) re-
presenting one growing season running from 1st July to 30th June.
Further model parameters for input into BEEHAVE and BEESCOUT
were obtained from existing literature sources (e.g. handling time of
nectar and pollen) (Table S2).
Adaptions of BEEHAVE and BEESCOUT were limited to the calcu-
lation of foraged carbamazepine and the determination of the relative
habitat composition from the landscape used for foraging activity.
Alterations did not alter any of the processes involved in the models but
enabled the simulation of cumulative compound entry into each bee-
hive throughout each modelled year. BEESCOUT alterations were
Fig. 1. Scaling of the landscape in BEESCOUT and colony placement (attractive
tree (blue); zucchini (red); oil seed rape (green)). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web ver-
sion of this article.)
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limited to the calculation of the relative habitat composition from the
landscape used for foraging activity determination. For this an addi-
tional button was created in the interface of the model. Use of this
button starts a sub-procedure that uses the deﬁned maximum foraging
distance to determine an area around the hive in which the proportion
of each habitat type (in this case, individual plant species) is calculated.
Further details on BEESCOUT model settings are provided in the
Supporting Information (zip ﬁles).
Alterations to the BEEHAVE model (Version:
BEEHAVE_BeeMapp2016; available at http://beehave-model.net/
download/) were the addition of two inputs (Fig. S6), namely (1) a
compound concentration in nectar (ng/L) and pollen (ng/g) for one
habitat (here, red patches (see Fig. 1)); and (2) a process so that every
foraging bee records whenever it collected food from a zucchini ﬁeld to
allow for the calculation of the cumulative amount of compound col-
lected from pollen or nectar (assuming a full nectar or pollen load at
each foraging trip). Further details on the BEEHAVE model settings is
presented in the Supporting Information (Table S3). In addition the
model and input ﬁles are provided as zip ﬁles.
3. Results
3.1. Pharmaceutical accumulation in nectar and pollen
Residues of carbamazepine were detected in nectar and pollen
sampled from zucchini ﬂowers (C. pepo) exposed to agricultural soil
containing a range of carbamazepine concentrations (0.1–20mg/kg
soil). Concentrations found in nectar and pollen ranged between 1.75
and 371 ng/mL and 0.02–29.8 µg/g respectively and increased with
increasing carbamazepine soil concentrations (linear relationship with
R2 > 0.99) (Figs. S1 and S2). Based on this relationship, it was esti-
mated that the concentration of carbamazepine in nectar and pollen
would be 0.37 ng/L and 30 ng/kg respectively, under a realistic ex-
posure scenario where treated wastewater, containing carbamazepine
residues, was applied to land resulting in a soil concentration of 20 ng/
kg (see S1 for more details).
3.2. Pharmaceutical accumulation in beehives
Incorporation of these estimated carbamazepine residues into the
BEEHAVE modelling framework enabled the simulation of foraging
honeybees (Apis mellifera) gathering contaminated nectar and pollen to
determine the potential transfer of carbamazepine to beehives at a
landscape scale. The amount of carbamazepine gathered by each of
eleven colonies scattered within a 25 km2 landscape (Fig. 1), consisting
of zucchini ﬁelds (contaminated with carbamazepine), oil seed rape
ﬁelds and trees, increased exponentially during the ﬂowering period of
zucchini (Julian days 93–153, corrected for parameterisation of the
model according to European agricultural seasons to remain relevant
for the southern hemisphere) (Fig. 2).
Carbamazepine accumulation in a beehive during a single ﬂowering
period was simulated to range between 0 and 2478 ng, reaching a
maximum concentration in colony 7 during the 2015–2016 exposure.
Across all hives in the simulated landscape, the average amount of
carbamazepine gathered per beehive (± 95% tolerance interval) was
899 (± 1905), 272 (± 1134), and 842 (± 2066) ng in 2010–2011,
2011–2012, and 2015–2016 respectively (Fig. 2). The large tolerance
intervals reﬂect the fact that not all beehives accumulated cabamaze-
pine.
The amount of carbamazepine gathered not only varied across the
simulated years but there were also notable diﬀerences in accumulation
of carbamazepine between beehives within the same year (Fig. 3). Si-
milarly, the total number of adult bees throughout the year diﬀered
strongly between years and colonies (Fig. S4). Some simulated colonies
collapsed during winter (Fig. S4). In 2010–2011, maximum carbama-
zepine accumulation was observed in colony 3 (2278 ng) with colony 4
having the lowest accumulation at 374 ng. The simulated year
2015–2016 resulted in a similar carbamazepine accumulation proﬁle
with concentrations ranging between 126 and 2478 ng however, in the
growing season 2011–2012 carbamazepine was only predicted to be
present in two beehives and reach a maximum of 1586 ng. Carbama-
zepine did not accumulate in the beehives across all three years when
the percentage of zucchini within the site speciﬁc foraging range
(398–641m) (relative to characterised habitat) was less than 20%
(colonies 1, 5, 8, 9) (Table S1). The accumulation of carbamazepine in
the beehives was largely driven by carbamazepine residues in the
pollen, which contributed 23–71 times more carbamazepine in each
colony than the nectar on an annual basis (Fig. 4).
4. Discussion
Upon uptake by the plant, acropetal translocation enables chemical
residues to move with the transpiration stream from the roots towards
the leaves and accumulate in ﬂowers. Carbamazepine is a neutral
chemical under environmental conditions with a moderate lipophilicity
(log Kow 2.45) that has been previously demonstrated to be suitable for
uptake into a range of plants (Carter et al., 2014; Malchi et al., 2014).
Because pollen grains are relatively high in lipids, ranging from 1 to
10% by weight (Bogdanov, 2004), they are excellent storage vessels for
organic chemicals, such as carbamazepine and other pharmaceuticals,
which have been taken up by the plant. Given the widespread quanti-
ﬁcation of pesticide residues in pollen and nectar samples, including in
C. pepo (Dively and Kamel, 2012; Stoner and Eitzer, 2012), it is there-
fore unsurprising that carbamazepine residues were also detected in
zucchini nectar and pollen in this study.
In comparison to a previously published study, carbamazepine ac-
cumulated to a much lesser extent in the pollen (0.02–29.8 µg/g) than
in the leaf of the corresponding zucchini plant (0.8–155.7 µg/g; “young
leaf”), with a 5–38 fold diﬀerence in concentration across the exposure
concentrations used (Knight et al., 2018). The greater concentration of
carbamazepine in the leaves can be explained by transpiration pro-
cesses occurring in the plant, moving water through the xylem to the
place of demand. A larger transpiration rate from the leaves facilitates
the translocation of carbamazepine to the leaves where it can accu-
mulate at a faster rate, in comparison to the transpiration potential of
ﬂowers. In the highest carbamazepine treatment concentration (20mg/
kg) Knight et al. (2018) reported that the leaves displayed toxic
symptoms, including the formation of dead spots and burnt leaf edges.
This can inﬂuence the transpiration potential of the leaves, and oﬀers
an explanation as to why there was a smaller pollen:leaf carbamazepine
ratio in the higher treatment concentrations as the movement of car-
bamazepine was altered, facilitating a smaller diﬀerence in the accu-
mulation of carbamazepine between the leaf and the pollen.
Carbamazepine exposure has been previously quantiﬁed in aquatic
food webs at higher concentrations than our environmentally relevant
simulated scenario with detections in water bodies (< 6.8 ng/L), ﬁsh
plasma (< 230 ng/L) and ﬁsh tissue (< 1.44 ng/g) (Bean et al., 2018;
Ramirez et al., 2007). Similarly, based on our predicted en-
vironmentally relevant exposure, concentrations of carbamazepine in
pollen are much lower than previously reported concentrations of
neonicotinoids in global pollen samples (> 0.2–912 ng/g) (Blacquière
et al., 2012). The exposure and extrapolation scenario considered in
this analysis involved direct carbamazepine application to the soil,
whereas spray irrigation represents a more direct exposure pathway for
uptake into plants (Franklin et al., 2016). It is envisaged that potential
surface adsorption onto pollen grains will have a notable inﬂuence on
carbamazepine accumulation in the hive based on the signiﬁcant role
contaminated pollen had on carbamazepine accumulation in the hive in
comparison to the proportion of carbamazepine associated with con-
taminated nectar (Fig. 4). In addition, spray irrigation presents a direct
route of exposure for foraging bees via dermal exposure from spray drift
(Sanchez-Bayo and Goka, 2014), thereby increasing pharmaceutical
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exposure to bees.
The foraging behaviour of honeybees is dependent on a number of
factors including the location of the hive, the weather and time. The
location of the hive inﬂuences the availability of the pollen and nectar
sources in the foraging area and the temperature and number of sun-
shine hours inﬂuences the amount of times a honeybee leaves the hive
to forage. Time inﬂuences which ﬂowers are available for the honey-
bees to harvest nectar and pollen from, with diﬀerences in nectar and
pollen availability and nutritional content driving the options foragers
have and use. Lastly, the actual condition of the hive (population
structure and pollen and nectar stores) inﬂuences honeybee foraging
activity by directing gathering activity towards nectar or pollen to meet
colony demands. Variation in honeybee foraging behaviour results in
diﬀerences of honey production between hives, which in turn alters
foraging activity. An average honey production between 49.7 and
91.8 kg/hive across Australia was reported for the season 2014–2015
(van Dijk et al., 2016). Under the scenarios modelled in BEEHAVE, the
maximum amount of honey harvested was 105.6 kg (2010–2011), with
an average of 41.2, 19.1 and 50.4 kg/hive for 2010–2011, 2011–2012
and 2015–2016 respectively. This supports the use of a realistic ex-
posure scenario in this analysis based on typical Australian beekeeping
practices.
As the simulated landscape scenario reﬂected seasonal and loca-
tional factors that inﬂuence the foraging activity of honeybees, the
accumulation of carbamazepine in the hives was therefore a factor of
attributes related to the hive and simulated year (Figs. 2 and 3). A clear
pattern was not evident between the availability of each food source
within the site-speciﬁc foraging range (relative to characterised habitat)
and the total accumulated compound on the last day of each year (Fig.
S3). The surrounding landscape in combination with in-hive dynamics
determine whether, and how many, foragers are active and what re-
source these foragers collect and thus prevents a clear relationship
between carbamazepine accumulation and availability of a single food
source.
Concurrent ﬂowering of zucchini and oilseed rape (Table S2) allows
the actual colony strength, hive resources (pollen and honey stores) and
colony composition (number of foragers, in-hive bees and brood) to
drive the foraging activity throughout the zucchini ﬂowering phase
(Table S3). Potential foraging activity (i.e. whether conditions that
allow for foraging activity) was not a good predictor of carbamazepine
accumulation in the hive. Even though 2011–2012 was selected to si-
mulate a year with ‘average’ climate conditions, the numbers of fora-
ging honeybees was very low throughout the ﬂowering period of zuc-
chini which ultimately lead to less in-hive accumulation of
carbamazepine than in the unseasonably cold and dark year of
2010–2011 (Table S3). This demonstrates that irrespective of the per-
cent of habitat containing contaminated zucchini, a small number of
foraging honeybees (< 1500) (that results from colony performance in
relation to the surrounding landscape prior to zucchini ﬂowering) will
reduce the capacity for carbamazepine to be collected and brought back
to the hive (Table S3 and Fig. 3). Comparatively, as shown by the
cluster of points to the right of Fig. 3, carbamazepine accumulation in
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the hive was typically greatest when there was a high percentage of
zucchini within the site-speciﬁc foraging range and a large number of
foraging honeybees. However, there are a number of anomalies to this
trend, driven by alterations in colony dynamics deriving from bee-
keeper intervention (feeding of colonies) and partial colony loss in
winter (Fig. S4), demonstrating the complexity of the exposure scenario
(Fig. 3). There is no simple solution to account for the complexity of in-
hive dynamics and its interplay with the environment (weather and
landscape) to predict the potential exposure of a colony in an en-
vironmentally realistic manner. However, mechanistic modelling ap-
proaches, such as those considered in this analysis, oﬀer a potential
platform to achieve this.
Currently there are no regulations pertaining to the environmental
risk assessment of pharmaceuticals to honeybees. Mechanistic under-
standing of in-hive dynamics and the interplay with the environment
would enable the generation of an environmentally relevant exposure
scenario for use in the terrestrial risk assessment of pharmaceuticals. As
outlined in the exposure assessment for plant protection products,
multiple factors can inﬂuence honeybee exposure to chemicals, and
applied safety (or uncertainty) factors are needed to account for this
variability (EFSA, 2016). For example, in our study a diﬀerence in ex-
cess of 2000 ng was observed for carbamazepine accumulation between
hives within a given year (Fig. 2), and applied safety factors would need
to account for this in an attempt to balance realism and conservatism
when generating exposure scenario estimates. Other variables (e.g.
exposure concentrations, crop type) are expected to signiﬁcantly alter
accumulation of pharmaceuticals in nectar and pollen and therefore an
appropriate safety factor will need to be determined and applied when
considering risk assessment scenarios. Under normal bee keeping
practices, the maximum total load of carbamazepine in a single hive
was estimated to be approximately 80 ng (Fig. 2). However, this does
not account for potential loss of carbamazepine via chemical degrada-
tion or metabolism. Future model development needs to account for
potential changes in pharmaceutical parent compound concentration,
including the potential metabolism of carbamazepine by honeybees as
this will ultimately inﬂuence exposure in the beehive.
In humans, the metabolism of carbamazepine is catalysed by en-
zymes belonging to the cytochrome P450 family (Kerr et al., 1994)
which are also one of the superfamilies of enzymes responsible for the
metabolism and detoxiﬁcation of toxins in insects, including honeybees
(Li et al., 2007). However sequencing and annotation of the honeybee
genome revealed a 50% or greater reduction in the number of genes
encoding for these enzyme families relative to other insect genomes
(Claudianos et al., 2006). Whilst it appears that honeybees are no more
vulnerable to insecticides than other insects (du Rand et al., 2015), the
smaller number of detoxiﬁcation genes may limit the capacity of hon-
eybees to metabolize multiple toxins simultaneously, causing bees to be
more sensitive to synergistic interactions of chemicals e.g. competitive
Fig. 3. Relationship between average carbamazepine accumulation in beehives, percent of zucchini within site speciﬁc foraging range (relative to characterised
habitat) and average number of foragers during zucchini ﬂowering period (Julian day 93–153) for three simulated years (2010–2011, 2011–2012 and 2015–2016).
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Fig. 4. Contribution of carbamazepine accumulation in 11 colonies on last day
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inhibition of P450s (Johnson et al., 2012, 2009). Nevertheless, even
with a reduction in the number of enzymes responsible for the meta-
bolism of toxins, the metabolism of pesticides in bees has been reported,
including the metabolism of the neonicotinoid, imidacloprid (Dively
et al., 2015; Suchail et al., 2004). In this case, it has been suggested that
5-hydroxyimidacloprid and oleﬁn metabolites of imidacloprid (Suchail
et al., 2004) have a high aﬃnity for the honeybee nicotinic acet-
ylcholine receptors (nAChR), thereby contributing to extending the
action of the parent compound in honeybees (du Rand et al., 2015;
Johnson et al., 2012, 2009; Nauen et al., 2001). More work is therefore
needed to understand the extent of metabolism of pharmaceuticals by
honeybees and to assess the potency of metabolites relative to the
parent compound. Following improvements to take into account factors
such as degradation, metabolism, eﬀects on foragers and eﬀects on in-
hive bees (and subsequent eﬀects on in-hive dynamics and foraging
activity), the use of mechanistic modelling approaches will provide
valuable information regarding exposure estimates for the terrestrial
risk assessment of pharmaceuticals. Future risk assessments concerning
honeybee exposure to pharmaceuticals should make use of tools to
evaluate cross-species sensitivity to interrogate potential molecular
targets of active pharmaceuticals in honeybees due to the conservation
of drug targets, using tools such as SeqAPASS and ECOdrug (LaLone
et al., 2016; Verbruggen et al., 2018).
5. Conclusions
Ultimately, given the biological potency of pharmaceuticals, the
accumulation of these chemicals in nectar and pollen presents a sig-
niﬁcant potential risk to honeybee colonies when these residues accu-
mulate within a beehive. This work describes a fundamental ﬁrst step in
the quantiﬁcation of pharmaceuticals in nectar and pollen, which has
enabled us to demonstrate the potential for honeybee colonies to be
exposed to bioactive pharmaceutical residues. There remains an urgent
need to evaluate the potential for a wider suite of wastewater-derived
pharmaceuticals to accumulate in these matrices and the potential risk
of this to honeybee health given the increasing necessity for wastewater
irrigation practices in water stressed regions. A detailed understanding
of the potential transfer of pharmaceutical residues to the beehive will
enable scientists and regulators to be able to design experiments to
consider the risk of this exposure (e.g. larval toxicity) by considering
realistic exposure doses of pharmaceuticals. There is also a need to
understand how pharmaceutical-induced toxicity can aﬀect bee fora-
ging, the results of which can be incorporated into models to simulate
the development of bee colonies and their foraging for nectar and
pollen analogous to the recent approach by Prado et al. (2019) which
simulated the impact of pesticide exposure on bee foraging. Bees are
essential to maintaining functioning ecosystems and the current decline
of bee populations is of global concern. Habitat loss and fragmentation,
changes to weather patterns (including climate change), and exposure
to chemical pollutants such as pesticides all present a risk to honeybee
populations. Here we demonstrate that exposure to pharmaceutical
residues increases the range of complex and interacting threats towards
honeybee health and warrants urgent further investigation.
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